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We report direct observation of charge accumulation effect on magnetization reversal in a 
Pt/Co(0.5 nm)/Pt(0.5 nm)/Al2O3 structure with perpendicular anisotropy. By imaging magnetic 
domain with polar Kerr microscopy, we evidence that positive charges accumulating at the Pt/Al2O3 
interface result in favoring magnetic domain wall propagation, while negative charges hinder domain 
wall nucleation and propagation. Our results suggest that magnetic properties in Co layer can be 
strongly influenced by 5d electron accumulation/depletion in an ultrathin Pt layer. 
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Controlling domain wall dynamics in magnetic wires is 
currently an important challenge in spintronics. Approaches 
based on magnetic field [1-6] and spin-polarized current 
[7-16] have proven very successful in controlling domain 
wall (DW) nucleation and propagation but they require high 
power. Recently, efforts have been made to use a voltage to 
assist the magnetization switching at low power [17-37]. 
This appealing route involves studies of magnetoelectric 
coupling in ferroelectric/ferromagnetic structures [17-22], 
strain in piezoelectric/ferromagnetic structures [23-25] and 
electric field, i.e. charge transfer in ferromagnetic 
metal/dielectric structures [26-35]. Voltage control of 
magnetic DW motion has been reported recently in the 
ferroelectric/ferromagnetic structures and the 
piezoelectric/ferromagnetic structures [38-40]. However, 
little work has focused on electric field assisted DW motion 
in the ferromagnetic metal/dielectric structure. 
 By applying a voltage in the ferromagnetic 
metal/dielectric structure, charge accumulation is induced at 
the ferromagnetic metal/dielectric interface and an induced 
electric field decays in the ferromagnetic metal with a 
typical screening length of about 1 Å. As a result, magnetic 
properties such as magnetization, Curie temperature, 
magnetic anisotropy and coercivity can be modified [26-35]. 
This electric field effect on magnetic properties is large as 
the ferromagnetic layer is ultrathin since the interface 
becomes important. Note that this effect results from 
modifying directly the number of electrons in the 
ferromagnetic metal. 
In this letter, instead of using a pure dielectric layer in 
direct contact with the ferromagnetic layer, we report the 
first observation of the effect of charge accumulation in an 
ultrathin nonmagnetic metal on magnetic DW nucleation 
and propagation in a ferromagnetic/nonmagnetic/dielectric 
structure. The Co/Pt structure with perpendicular magnetic 
anisotropy (PMA) is a model system to study the 
mechanism of magnetization reversal through DW motion 
and propagation [3,4,6]. The PMA originates from the 
strong 3d-5d hybridization at the Co/Pt interface [41,42]. It 
can be expected that the magnetic properties could be 
influenced by not only the modification of the number of 3d 
Co electrons but also that of 5d Pt electrons. As shown 
schematically in Fig. 1, charge accumulation in the ultrathin 
Pt layer may modify the 5d orbit of Pt electrons and thus, 
the Co 3d-Pt 5d hybridization can be influenced. In this 
case, the induced electric field E decays in Pt with a 
screening length λ of about 1 Å and is almost zero in the Co 
layer. 
 
FIG. 1 (color online). Schematic of the 3d-5d hybridization at the 
Co/Pt interface with and without charge accumulation Q in Pt, and 
the electric field E induced by the charge accumulation in Pt. 
Here, we have focused on imaging magnetic domain 
motion in a metal/dielectric structure under applied voltage, 
which is important to provide information of local magnetic 
domain dynamics, whereas most experiments [26-32] relied 
on the change in magnetic hysteresis loops under applied 
voltage. The system studied here is sketched in Fig. 2(a) 
and 2(b). Firstly, a 350 μm wide Pt(5 nm)/Co(0.5 
nm)/Pt(0.5 nm) wire was deposited on top of Si/SiO2 
substrate with a shadow mask by magnetron sputtering. 
Then, a 50 nm thick dielectric Al2O3 film was grown by 
e-beam evaporation to cover part of the Pt/Co/Pt wire. 
Finally, a 100 nm thick and 460 μm wide ITO (In2O3:Sn) 
bar was sputtered on top of Al2O3 and perpendicular to the 
Pt/Co/Pt wire. The ITO was used as the top electrode 
because of its relatively good conductivity (about 7 Ω-1m-1) 
and transparency, which allows the observation of magnetic 
domains in the magnetic wire using Kerr microscopy. In 
spite of the ultrathin Pt layer (0.5 nm), the Pt/Co/Pt wire 
exhibits a square perpendicular magnetic loop with a typical 
coercivity of 6 mT at RT, as shown in Fig. 2(c). By 
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FIG. 2 (color online). (a) and (b) Schematic of the Pt/Co/Pt/Al2O3/ITO structure with applied voltage. (c) Polar Kerr loop of the Pt/Co/Pt 
film with perpendicular applied magnetic field at room temperature. 
applying voltage V between the bottom Pt/Co/Pt and the top 
ITO, electrons can accumulate or deplete in the ultrathin Pt 
layer. In our convention, positive (negative) voltage 
corresponds to positive (negative) charges accumulating at 
the Pt/Al2O3 interface. The capacitance of the Al2O3 
junction is about 0.14 μF/cm2 and the leakage current is less 
than 8 pA/μm2 for a voltage of 1 V indicating reasonable 
dielectric properties for the Al2O3 layer. The induced 
electric field amplitude at the Pt/Al2O3 interface is about 
200 kV/cm at 1 V and decays in Pt with λ of about 1 Å. 
Polar Kerr microscopy was performed at room 
temprature (RT) with applied magnetic field H 
perpendicular to the film plane, where the positive magnetic 
field is defined pointing out of the film surface. In our films, 
magnetization reversal is dominated by domain nucleation 
 
FIG. 3 (color online). Polar Kerr microscopy images of Pt/Co/Pt 
magnetic domains in the cross region of Pt/Co/Pt and ITO under 
applied voltages of 0 V, 1 V and −1 V, respectively, for the cases 
of −6 mT magnetic field pulses with durations of 20 s and 40 s. 
The dot and cross labels indicate the positive magnetization 
pointing out of the film surface and the negative one pointing into 
the film, respectively. The dash square indicates the magnetic 
domain influenced strongly by the applied voltage. 
followed by easy DW propagation, i.e, the propagation field 
HP is smaller than the nucleation field HN. To get a Kerr 
image of a magnetic domain, a reference image was first 
taken at zero magnetic field after the sample was saturated 
at a magnetic field of 20 mT. Then, a magnetic field of −6 
mT close to the nucleation field was applied with a duration 
t and a second image was taken at zero magnetic field. 
The final Kerr image was obtained by substracting the two 
images. The same procedure was repeated under applied 
voltages. 
Figure 3 shows the typical Kerr images of magnetic 
domains in the cross region of Pt/Co/Pt wire and ITO bar 
for applied voltages of 0 V, 1 V, and −1 V and for a 
duration t of 20 s and 40 s respectively. There are three 
visible reversed (negative) magnetic domains shown in Fig. 
3, where one small domain is in the middle and two large 
domains move from the edge to the middle. As shown in 
Fig. 3(a), at V = 0 and H = −6 mT, a 20 s magnetic field 
pulse is not sufficient to observe the small nucleated 
domain, but it is visible after the 40 s magnetic field pulse 
as shown in Fig. 3(b). This single switching event among a 
few magnetic domains is then characterized by nucleation 
of a reversed domain (typical scale of a few tens of nm) 
followed by DW propagation on a few tens of micrometers. 
A striking result is that a larger size of the magnetic domain 
in the middle (indicated by the dash square in Fig. 3) can be 
observed as a 1 V voltage is applied shown in Fig. 3(c) and 
3(d), however for −1 V, the magnetic domain is invisible, 
as shown in Fig. 3(e) and 3(f). Thus we believe that 
negative voltage either prevents DW nucleation or DW 
propagation once a small domain is nucleated. It can be 
noticed that the magnetic field has an influence on the 
motion of the two large domains on the sides, whereas the 
applied voltage has no visible influence. It means that not 
all magnetic domains in the cross region sample of Pt/Co/Pt 
wire and ITO bar are influenced by the applied voltage, 
indicating a non-uniform charge accumulation effect on 
magnetic properties. This feature may result from the 
possible inhomogeneous charge density accumulating at the 
metal/dielectric interface due to the presence of local 
defects. 
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FIG. 4 (color online). Dependence of the area of the magnetic 
domain (indicated by the dash square in Fig. 3) on the applied 
voltage in the Pt/Co/Pt/Al2O3/ITO structure, for the cases of −6 
mT magnetic field pulses with durations of 20 s (solid squares) 
and 40 s (open circles), respectively. 
By repeating the measurements several times at the 
same voltage, we observe that magnetization reversal 
exhibits stochastic behavior with a distribution of the 
magnetic domain area due to thermal activation. As shown 
in Fig. 4, for the case of H = −6 mT with 40 s duration, the 
area of the magnetic domain (indicated by the dash square 
in Fig. 3) ranges from 0 to 3 × 10
3
 μm2 for V = 0, from 1 × 
10
3
 μm2 to 1 × 104 μm2 for V = 1 V, and is always zero for 
V = −1 V. Similar behavior is also observed for the case of 
−6 mT magnetic field with a shorter pulse duration of 20 s. 
These results suggest that positive charges accumulating 
at the Pt/Al2O3 interface result in magnetic domain wall 
propagation, while negative charges hinder domain wall 
nucleation and/or propagation. Since negative and positive 
applied voltages have clearly an opposite effect here and 
the leakage current is very low, we can preclude Joule 
heating influence on magnetization reversal. 
To go further in our analysis, the probability of domain 
wall nucleation and propagation under thermal activation [6] 
can be expressed as 
N
N 0
B
exp
E
p f
k T
 
  
  ,  
P
P 0
B
exp
E
p f
k T
 
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        (1) 
where f0 is the attempt frequency and EN (EP) the energy 
barrier for magnetic DW nucleation (propagation). For 
Pt/Co/Pt films, the energy barriers can be written as EN = 
2VBMS(HN – H) and EP = 2VBMS(HP – H) [6], with VB the 
Barkhausen volume and MS the saturation magnetization. 
The electron accumulation/depletion in the ultrathin Pt 
layer can be considered as both charge and spin 
accumulation and can modify the Pt 5d orbital occupation 
and spin-dependent density of states. Such effect is 
expected to influence the spin and orbital moment as well 
as the Co 3d-Pt 5d hybridization at the Co/Pt interface, so 
that the magnetization and magnetic anisotropy of the thin 
Co layer can be modified. The saturation magnetization of 
MS of Pt/Co/Pt is about 1.8 × 10
6
 A/m. The spin moment of 
bulk Co is about 1.64 μB/atom, the orbital moment of fcc 
Co is about 0.11 μB/atom, and the Pt moment is about 0.2 
μB/atom [42]. Recent experiment [32] shows that electric 
field at the Co/MgO interface can control the ferromagnetic 
phase transition in Pt/Co. Particularly, the positive charge 
in Co layer reduces the Curie temperature of Co by 10 K as 
applying an electric field of about 2 MV/cm (a change of 
0.01 electrons per Co atom). In our case, assuming that the 
charge accumulation in Pt is uniform, we calculate an 
average change of about 0.002 electrons per Pt atom 
(charge density is about 0.14 μC/cm2) at V = 1 V. Therefore, 
we expect the change in MS due to charge accumulation to 
be negligible. As for the effect of the electric field on 
magnetic anisotropy, a recent theoritical work [34] shows 
that the magnetocrystalline anisotropy of Pt/Co/Pt structure 
decreases with increasing the number of positive charges in 
the Pt layer. Since the propagation field and the nucleation 
field are strongly related to the magnetic anisotropy, our 
results are consistent with a reduction (increase) of the 
magnetic anisotropy under a positive (negative) voltage. 
Our experiment suggests that the positive charge at the 
Pt/Al2O3 interface reduces EP, while the negative charge 
increases EP. Assuming that electron accumulation doesn’t 
affect VB, the reduction of EP by the positive charge in Pt 
may result mainly from the reduction of HP, which is 
related to the local pinning potential of the defect and 
depends on magnetic anisotropy [6]. Considering S
V
 and S
0
 
are the magnetic domain areas with and without applied 
voltage, respectively, from Eq. (1) we can write 
 
0
0B SP P
P P0
B B
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ln
VV
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S k T k T

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       (2) 
From our results, at V = 1 V, S
V
/S
0
 ~ 3.3 and thus, 
0
P P
VE E  ~ 1.2kBT. VB can be estimated about 10
−18
 cm
3
. 
This suggests that the reduction of propagation field 
0
P P
VH H  is about 1.6 mT at V = 1 V. For the magnetic 
domain indicated by the dash square in Fig. 3, the domain 
wall velocity can be estimated roughly about 0.7 μm/s at a 
magnetic field value of 6 mT under 0 V, and increases up to 
1.2 μm/s under 1 V, whose enhancement is about 70%. 
In conclusion, we have shown that the energy barrier for 
magnetic domain wall nucleation and propagation can be 
strongly influenced by electron accumulation/depletion in 
an ultrathin nonmagnetic metallic layer. This suggests that 
the modification of 5d electrons occupation in an ultrathin 
Pt layer may influence the magnetic properties of Co due to 
3d-5d hybridization. Our results also indicate that charge 
accumulation effect may be inhomogeneous over the film 
structure, so interpretation of measurements focusing on 
change of coercivity measured through hysteresis loop has 
to be taken very carefully. Local measurement of single 
switching event is a prerequisite to fully understand the 
electric field effect in magnetic metals. Finally, our results 
suggest that electric field effect can be used to assist 
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magnetization reversal in domain wall based non-volatile 
memories or logic devices. 
This work was partly supported by French National 
Research Agency (ANR) ELECMADE project and the 
European FP7 program through contract MAGWIRE 
number 257707. 
*weiwei.lin@u-psud.fr 
†dafine.ravelosona@u-psud.fr 
[1] T. Ono, H. Miyajima, K. Shigeto, K. Mibu, N. Hosoito, T. 
Shinjo, Science 284, 468 (1999). 
[2] D. Atkinson, D. A. Allwood, G. Xiong, M. D. Cooke, C. C. 
Faulkner, and R. P. Cowburn, Nature Mater. 2, 85 (2003). 
[3] J. Ferré, in Spin Dynamics in Confined Magnetic Structures I, 
edited by B. Hillebrands and K. Ounadjela (Springer-Verlag 
Berlin Heidelberg, 2002), Vol. 83, p. 127. 
[4] F. Cayssol, D. Ravelosona, C. Chappert, J. Ferré, and J. P. 
Jamet, Phys. Rev. Lett. 92, 107202 (2004). 
[5] G. S. D. Beach, C. Nistor, C. Knutson, M. Tsoi, and J. L. 
Erskine, Nature Mater. 4, 741 (2005). 
[6] D. Ravelosona, in Nanoscale Magnetic Materials and 
Applications, edited by J. P. Liu, E. Fullerton, O. Gutfleisch, 
and D.J. Sellmyer, (Springer, 2009), p. 185. 
[7] J. Grollier, P. Boulenc, V. Cros, A. Hamzić, A. Vaurès, A. 
Fert, and G. Faini, Appl. Phys. Lett. 83, 509 (2003). 
[8] A. Yamaguchi, T. Ono, S. Nasu, K. Miyake, K. Mibu, and T. 
Shinjo, Phys. Rev. Lett. 92, 077205 (2004). 
[9] C. H. Marrows, Adv. Phys. 54, 585 (2005). 
[10] D. Ravelosona, D. Lacour, J. A. Katine, B. D. Terris, and C. 
Chappert, Phys. Rev. Lett. 95, 117203 (2005). 
[11] W. W. Lin, H. Sang, D. Liu, Z. S. Jiang, A. Hu, X. S. Wu, 
and G. Xiao, J. Appl. Phys. 99, 08G518 (2006); K. X. Xie, W. 
W. Lin, H. C. Sun, Y. Nie, and H. Sang, J. Appl. Phys. 104, 
083907 (2008). 
[12] T. A. Moore, I. M. Miron, G. Gaudin, G. Serret, S. Auffret, B. 
Rodmacq, A. Schuhl, S. Pizzini, J. Vogel, and M. Bonfim, 
Appl. Phys. Lett. 93, 262504 (2008). 
[13] T. Koyama, G. Yamada, H. Tanigawa, S. Kasai, N. Ohshima, 
S. Fukami, N. Ishiwata, Y. Nakatani, and T. Ono, Appl. Phys. 
Express 1, 101303 (2008). 
[14] C. Burrowes, A. P. Mihai, D. Ravelosona, J.-V. Kim, C. 
Chappert, L. Vila, A. Marty, Y. Samson, F. Garcia-Sanchez, 
L. D. Buda-Prejbeanu, I. Tudosa, E. E. Fullerton, and J.-P. 
Attané, Nature Phys. 6, 17 (2010). 
[15] I. M. Miron, G. Gaudin, S. Auffret, B. Rodmacq, A. Schuhl, 
S. Pizzini, J. Vogel, and P. Gambardella, Nature Mater. 9, 
230 (2010). 
[16] L. San Emeterio Alvarez, K.-Y. Wang, S. Lepadatu, S. Landi, 
S. J. Bending, and C. H. Marrows, Phys. Rev. Lett. 104, 
137205 (2010). 
[17] H. Ohno, D. Chiba, F. Matsukura, T. Omiya, E. Abe, T. Diet, 
Y. Ohno, and K. Ohtani, Nature 408, 944 (2000). 
[18] P. Borisov, A. Hochstrat, X. Chen, W. Kleemann, and Ch. 
Binek, Phys. Rev. Lett. 94, 117203 (2005). 
[19] D. Chiba, M. Sawicki, Y. Nishitani, Y. Nakatani, F. 
Matsukura, and H. Ohno, Nature 455, 515 (2008). 
[20] Y.-H. Chu, L. W. Martin, M. B. Holcomb, M. Gajek, S.-J. 
Han, Q. He, N. Balke, C.-H. Yang, D. Lee, W. Hu, Q. Zhan, 
P.-L. Yang, A. Fraile-Rodríguez, A. Scholl, S. X. Wang, and 
R. Ramesh, Nature Mater. 7, 478 (2008). 
[21] D. Lebeugle, A. Mougin, M. Viret, D. Colson, and L. Ranno, 
Phys. Rev. Lett. 103, 257601 (2009). 
[22] X. He, Y. Wang, N. Wu, A. N. Caruso, E. Vescovo, K. D. 
Belashchenko, P. A. Dowben, and Ch. Binek, Nature Mater. 9, 
579 (2010). 
[23] W. Eerenstein, N. D. Mathur, and J. F. Scott, Nature 442, 759 
(2006). 
[24] N. Lei, S. Park, Ph. Lecoeur, D. Ravelosona, C. Chappert, O. 
Stelmakhovych and V. Holý, Phys. Rev. B 84, 012404 
(2011). 
[25] N. Lei, T. Devolder, G. Agnus, P. Aubert, L. Daniel, J.-V. 
Kim, W. Zhao, C. Chappert, D. Ravelosona, Ph. Lecoeur, 
eprint arXiv: 1201.4939. 
[26] M. Weisheit, S. Fähler, A. Marty, Y. Souche, Ch. Poinsignon, 
and D. Givord, Science 315, 349 (2007). 
[27] T. Maruyama, Y. Shiota, T. Nozaki, K. Ohta, N. Toda, M. 
Mizuguchi, A. Tulapurkar, T. Shinjo, M. Shiraishi, S. 
Mizukami, Y. Ando, and Y. Suzuki, Nature Nanotech. 4, 158 
(2009). 
[28] Y. Shiota, T. Maruyama, T. Nozaki, T. Shinjo, M. Shiraishi, 
and Y. Suzuki, Appl. Phys. Express 2, 063001 (2009). 
[29] M. Endo, S. Kanai, S. Ikeda, F. Matsukura, and H. Ohno, 
Appl. Phys. Lett. 96, 212503 (2010). 
[30] T. Seki, M. Kohda, J. Nitta, and K. Takanashi, Appl. Phys. 
Lett. 98, 212505 (2011). 
[31] F. Bonell, S. Murakami, Y. Shiota, T. Nozaki, T. Shinjo, and 
Y. Suzuki, Appl. Phys. Lett. 98, 232510 (2011). 
[32] D. Chiba, S. Fukami, K. Shimamura, N. Ishiwata, K. 
Kobayashi, and T. Ono, Nature Mater. 10, 853 (2011). 
[33] M. Tsujikawa and T. Oda, Phys. Rev. Lett. 102, 247203 
(2009). 
[34] H. Zhang, M. Richter, K. Koepernik, I. Opahle, F. Tasnádi, 
and H. Eschrig, New J. Phys. 11, 043007 (2009). 
[35] S. Haraguchi, M. Tsujikawa, J. Gotou, and T. Oda, J. Phys. D: 
Appl. Phys. 44, 064005 (2011). 
[36] J. Ma, J. Hu, Z. Li, and C. W. Nan, Adv. Mater. 23, 1062 
(2011). 
[37] J. Hu, Z. Li, L. Chen, and C. W. Nan, Nature Commun. 2:553 
doi: 10.1038/ncomms1564 (2011). 
[38] T. Chung, G. Carman, and K. Mohanchandra, App. Phys. Lett. 
92, 112509 (2008). 
[39] T. H. E. Lahtinen, J. O. Tuomi, and S. van Dijken, Adv. 
Mater. 23, 3187 (2011). 
[40] T. H. E. Lahtinen, K. J. A. Franke, and S. van Dijken, Sci. 
Rep. 2, 258; doi:10.1038/srep00258 (2012). 
[41] P. Bruno, Phys. Rev. B 39, 865 (1989). 
[42] N. Nakajima, T. Koide, T. Shidara, H. Miyauchi, H. Fukutani, 
A. Fujimori, K. Iio, T. Katayama, M. Nývlt, and Y. Suzuki, 
Phys. Rev. Lett. 81, 5229 (1998). 
